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Abstract 


The  U.S.  Army  Research  Laboratory  (ARL)  has  demonstrated  the 
feasibility  of  using  the  modified  exit  jet  of  a  simple  shock  tube  to  simulate 
high  dynamic  pressure  air  blast  flows  such  as  those  that  occur  in  non-ideal 
nuclear  blast  events.  These  flows  can  be  used  to  generate  simulated  non¬ 
ideal  blast  loads  on  Army  equipment  with  the  intent  of  evaluating  and 
improving  its  survivability.  This  work  has  included  the  use  of  small, 
intermediate,  and  large  scale  shock  tubes  to  which  exit  jet  spreader  devices 
were  incorporated.  These  spreaders  were  mounted  at  the  ends  of  the  shock 
tubes  but  were  not  directly  connected  to  them.  Their  purpose  was  to 
spread  the  exit  jets  and  their  associated  dynamic  pressure  impulses  more 
imiformly  over  a  greater  area,  thus  providing  a  more  accurate  simulation 
capability  for  testing  larger  targets. 

This  report  documents  some  of  the  latest  efforts  by  ARL  in  evaluating  the 
use  of  modified  shock  tube  exit  jets  for  simulating  non-ideal  blast  flow. 
Previous  studies  at  ARL  included  the  mapping  of  imspread  exit  jets  at  three 
different  shock  tube  scaled  sizes  and  the  evaluation  of  exit  jet  spreaders  at 
the  two  smaller  shock  tube  sizes  to  evaluate  the  effectiveness  of  the  various 
spreaders  and  determine  the  degree  of  uniformity  of  the  spreading.  In  the 
latest  effort,  a  full  scale  exit  jet  spreader  has  been  constructed  for  use  with 
the  ARL  1.68-m  diameter  shock  tube,  the  largest  of  the  three  shock  tubes. 
Displacement  experiments  with  World  War  II  Army  jeeps  have  been 
conducted  to  compare  vehicle  response  to  the  dynamic  pressure  impulse 
loading  generated  by  the  spread  jet  of  the  shock  tube  with  that  from  past 
actual  and  simulated  nuclear  tests  in  which  jeep  displacement  data  were 
obtained. 
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1.  INTRODUCTION 


When  a  shock  wave  exits  a  shock  tube  and  expands  into  the  surrounding  atmosphere, 
a  strong,  transient  exit  jet  is  formed  behind  it.  If  the  flow  behind  the  shock  while  it  is  still 
inside  the  shock  tube  is  locally  subsonic,  then  an  expansion  wave  originates  at  the  exit  plane 
and  moves  upstream  against  the  flow  into  the  shock  tube.  The  shock  tube  flow  through  which 
this  expansion  wave  travels  is  thereby  accelerated,  with  a  corresponding  decrease  in  static 
overpressure  and  increase  in  dynamic  pressure.  For  studies  involving  shock  wave  diffraction 
and  drag  loading  on  targets  placed  inside  of  the  shock  tube,  this  effect  is  usually  undesirable. 
The  arrival  of  such  an  expansion  wave  at  the  test  section  inside  the  shock  tube  often  means 
that  the  valid,  desired  simulation  time  has  ended.  For  studies  of  blast  loading  on  relatively 
large  targets  placed  outside  the  exit  of  a  shock  tube,  it  has  often  been  necessary  to  take 
precautions  to  keep  the  target  off  to  the  side  and  away  from  the  relatively  strong  exit  jet 
centered  on  the  axis  of  the  shock  tube.  This  report  documents  recent  studies  by  the  former 
Blast/Thermal  Effects  Branch  of  the  U.S.  Army  Research  Laboratory  (ARL)  that  began 
under  the  previously  named  Blast  Dynamics  Branch  of  the  U.S.  Army  Ballistic  Research 
Laboratory  (BRL).  BRL  was  integrated  into  ARL  in  October  1992,  and  the  Blast/Thermal 
Effects  Branch  was  disbanded  in  October  1996.  Part  of  the  mission  of  that  branch  had 
been  to  develop  technology  to  simulate  both  “ideal”  and  “non-ideal”  air  blast  from  nuclear 
bursts  above  ground  at  ideal  blast  shock  overpressure  levels  of  tactical  interest,  defined  as 
overpressures  of  241.3  kPa  (35.0  psi)  and  below.  This  report  documents  the  investigation  of 
the  use  of  shock  tube  exit  jets  as  one  of  the  possible  ways  to  simulate  non-ideal  blast  waves,  at 
least  in  the  tactical  overpressure  range.  First,  brief  descriptions  of  (1)  the  principal  features 
of  ideal  and  non-ideal  blast,  (2)  previous  work  involving  shock  tube  exits  jets,  and  (3)  a  view 
of  how  this  exit  jet  study  fits  into  the  overall  approach  to  simulating  nuclear  air  blast  at 
tactical  overpressure  levels  are  given  before  the  results  of  this  study  are  presented. 


1.1.  Ideal  Versus  Non-Ideal  Air  Blast 

Air  blast  waves  of  military  interest  are  typically  produced  by  either  the  detonation  of 
conventional  high  explosives  or  by  the  surface  or  airburst  of  a  nuclear  device.  Neglecting  dust 
and  debris,  a  conventional  high  explosive  typically  produces  an  ideal  blast  wave  in  its  far- 
field  region  (i.e.,  away  from  the  fireball  produced  by  the  detonation  products).  The  current 
nuclear  survivability  requirements  for  Army  tactical  vehicles  and  structures  are  based  on 
ideal  blast  loading  events. 

Ideal  blast  from  a  nuclear  device  is  defined  as  that  which  does  not  include  any  thermal, 
dust,  or  debris  layers  that  modify  or  augment  the  dynamics  or  the  structure  of  the  air 
blast  wave  as  it  moves  across  the  ground  plane.  In  typical  low  altitude  nuclear  burst  events 
above  land,  a  heated  layer  is  formed  just  above  the  ground  by  the  interaction  of  the  thermal 
radiation  pulse  with  the  ground  surface.  The  intensity  and  extent  of  this  thermal  layer 
are  highly  dependent  upon  factors  such  as  soil  type,  vegetation,  moisture  content,  local 
topography,  and  the  ability  of  the  surface  to  re-radiate  energy  back  into  the  atmosphere 
immediately  above  the  ground  surface.  This  heated  layer  is  then  struck  by  the  blast  wave 
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which  follows  the  thermal  pulse,  and  a  complex  interaction  then  occurs.  The  portion  of 
the  shock  front  that  strikes  the  heated  layer  is  accelerated  and  weakened.  Consequently,  it 
runs  ahead  of  the  remainder  of  the  shock  front,  forming  a  precursor  region.  At  the  point 
where  this  weakened  precursor  shock  connects  back  to  the  undisturbed  incident  shock,  a 
shear  layer  is  formed  at  an  appropriate  angle  to  equilibrate  the  flows  behind  the  two  unequal 
shocks.  This  interaction  generates  at  least  a  singly  bifurcated,  high  dynamic  pressure  flow 
along  the  ground  surface,  scouring  the  surface,  and  lofting  and  accelerating  soil  and  debris. 
This  is  referred  to  as  non-ideal  blast.  The  reader  is  referred  to  Glasstone  and  Dolan^  for  a 
more  complete  description  of  nuclear  weapon  effects.  A  review  by  Bryant  and  Allen^  of  the 
dynamic  pressure  impulse  delivered  by  ideal  versus  non-ideal  blast  from  above-ground  nuclear 
tests  showed  that  non-ideal  blast  delivered  as  much  as  five  or  more  times  the  impulse  for  the 
same  blast  wave  over  an  ideal  surface  for  blast  overpressures  of  tactical  interest.  Recently, 
ART  funded  contract  studies  to  analyze  the  36.6-kT  atmospheric  nuclear  event  PRISCILLA. 
An  excellent  unclassified  summary  of  the  history  of  nuclear  weapons  and  events,  including 
the  PRISCILLA  event,  has  been  published  by  Shelton.^  Data  from  the  actual  PRISCILLA 
event  were  compared  with  SHARC^  hydrocode  computations  simulating  a  near-ideal  versus 
desert  surface,^  a  near-ideal  versus  grassland  surface,®  and  then  a  detailed  summary  report^ 
that  contained  a  complete  analysis  of  the  actual  PRISCILLA  event  data  and  comparison 
with  the  three  SHARC  computations.  The  analysis  corroborated  the  earlier  analysis^  that 
indicated  the  large  increase  in  dynamic  pressure  impulse  in  non-ideal  blast  over  that  in  ideal 
blast.  Both  analyses  also  showed  that  blast  damage  radii  for  drag  phase  loading  for  a  non¬ 
ideal  nuclear  blast  event  can  extend  well  beyond  the  radii  predicted  for  an  ideal  blast  event. 
This  could  result  in  an  overly  optimistic  estimate  of  the  survivability  of  a  tactical  force 
operating  in  terrain  that  is  capable  of  producing  non-ideal  blast.  An  example  is  a  tactical 
force  operating  in  a  desert  area  that  is  attacked  by  an  above-ground  nuclear  burst.  This  unit 
should  expect  to  experience  such  a  non-ideal  blast  event. 

Nuclear  blast  waves  are  often  simulated  in  a  somewhat  simplified  way  through  the  use 
of  shock  tubes,  which  can  be  driven  by  either  compressed  gas  or  other  energy  sources.  The 
interaction  of  a  classic,  or  ideal,  blast  wave  with  a  target  vehicle  or  structure  can  be  charac¬ 
terized  as  occurring  in  two  distinct  phases:  an  initial  diffraction  phase  and  a  subsequent  drag 
phase.  The  damage  mechanisms  from  actual  nuclear  airburst  events  include  thermal  loading; 
blast  diffraction  loading;  drag  phase  loading;  neutron,  gamma,  and  residual  radiation  effects; 
electromagnetic  pulse;  and  other  effects.  Only  the  blast  flow  and  its  simulation  are  of  direct 
interest  in  this  discussion. 

Diffraction  loading  occurs  during  the  interaction  of  a  shock  front  with  either  a  target 
vehicle  or  moderately  sized  structure.  This  loading  phase  typically  lasts  for,  at  the  very 
most,  a  few  tens  of  milliseconds  while  the  shock  passes  over  the  target  and  rarefaction  waves 
traverse  the  loaded  faces  to  relieve  the  reflected  shock  pressures.  Relatively  little  of  the 
total  integrated  impulse  from  a  nuclear  blast  wave  is  delivered  during  this  time,  at  least 
in  blast  waves  from  typical  threat  weapons  of  tactical  interest  for  armored  vehicles.  Total 
integrated  impulse  is  defined  as  the  double  integral  over  the  time  and  space  of  the  pressure 
loading  on  the  target  surface.  The  threat  from  the  diffraction  phase  loading  to  a  conventional 
armored  vehicle  is  limited  to  damage  to  components  such  as  some  types  of  antennas  and 
relatively  light  sheet  metal  components.  Light  targets  such  as  trucks  and  communications 
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shelters  could  be  directly  threatened  by  the  shock  diffraction  process.  Whether  the  shock 
diffraction  loading  could  cause  meaningful  deflection  or  damage  to  composite  sheets  that 
were  part  of  a  composite  armored  vehicle  structure  would  have  to  be  examined  on  a  case- 
by-case  basis.  While  it  is  unlikely  that  the  shock  diffraction  loading  is  a  great  threat  to 
most  armored  vehicles  themselves,  it  could  limit  their  utility  if  communications  were  lost. 
Also,  if  light  sheet  metal  or  composite  panels  were  used  as  skirts  around  the  road  wheels  and 
tracks,  consideration  must  be  given  to  the  possibility  of  their  being  blown  into  rotating  or 
translating  components  that  could  be  jammed  by  debris.  A  non-ideal  blast  event  typically 
has  reduced  diffraction  phase  loading,  with  the  action  of  the  thermal  layer  causing  a  reduction 
in  the  incident  shock  overpressure  as  part  of  the  repartitioning  of  energy  into  an  increase  in 
dynamic  pressure  and  the  lofting  and  acceleration  of  dust  and  debris. 

Drag  phase  loading  occurs  immediately  after  the  end  of  the  diffraction  phase.  A  classical 
free  air  blast  wave  has  an  exponentially  decaying  accelerated  flow  region  behind  the  incident 
shock  front.  This  continues  for  a  period  referred  to  as  the  “positive  phase  duration,”  at  the 
end  of  which  the  static  pressure  declines  through  that  for  ambient  atmospheric  pressure  and 
becomes  sub- atmospheric  for  a  time  referred  to  as  the  “negative  phase  duration.”  A  tactical 
nuclear  blast  wave  can  have  a  positive  phase  duration  lasting  from  a  few  hundred  milliseconds 
to  a  few  seconds.  It  is  during  this  time  that  the  majority  of  the  total  integrated  dynamic 
pressure  impulse,  hereinafter  referred  to  as  “dynamic  pressure  impulse”  for  simplicity,  is 
delivered  to  a  target.  The  primary  threat  to  an  armored  vehicle  from  the  drag  phase  is 
translation  and  overturning  of  the  vehicle,  with  a  possibility  of  loss  of  both  crew  and  vehicle. 
The  introduction  of  lighter  weight  composite  vehicles  will  make  it  even  more  necessary  to 
evaluate  drag  phase  loading  because  such  vehicles  would  have  a  greater  tendency  to  overturn 
than  a  heavier  armored  vehicle  with  the  same  cross  section  and  drag  coefficient  subjected 
to  the  same  blast  event.  Taking  steps  to  reduce  the  drag  coefficients  of  tactical  vehicles  is 
unlikely  to  have  ever  been  seriously  considered  in  the  past.  Now,  it  is  highly  appropriate 
to  consider  it  for  vehicles  that  have  nuclear  survivability  criteria.  A  classic  example  of 
the  reduction  of  a  forward  travel  drag  coefficient  to  0.42  from  0.76  for  a  van,  with  only 
minor  changes  in  rounding  of  corners  on  the  vehicle,  is  given  by  Schlichting.®  The  primary 
overturning  threat  to  a  vehicle  is  from  a  blast  striking  it  from  the  side,  but  the  drag  coefficient 
effects  are  the  same  as  for  the  illustrated  example.  The  drag  loading  at  any  instant  is 
computed  by  multiplying  the  drag  coefficient  times  the  dynamic  pressure  times  the  presented 
area. 

After  accounting  for  the  direct  output  of  nuclear  radiation  energy,  the  remaining  energy 
partition  from  a  non-specific  nuclear  device  is  approximately  equal  in  thermal  and  blast 
output.  For  reasonable  tactical  threat  devices  and  ranges,  the  thermal  pulse  arrives  at  the 
target  any  time  between  several  hundred  milliseconds  to  a  few  seconds  before  the  blast 
wave,  depending  on  the  weapon  design  and  yield.  The  immediate  damage  to  structures  from 
the  thermal  loading  can  include  incendiary  effects,  distortion  because  of  thermal  stresses, 
destruction  of  optical  devices,  delamination,  and  general  depreciation  of  material  strength. 
The  delayed  effects,  which  interact  synergistically  with  the  following  blast  pulse,  can  include 
weakening  of  metals,  thermal  stresses,  melting  of  glues  on  layered  materials,  softening  of 
the  matrix  in  a  composite  material,  and  debonding  of  composite  layers.  This  can  make  a 
structure  much  more  susceptible  to  damage  to  the  following  blast  pulse  than  it  might  have 
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otherwise  been.  The  synergistic  effects  of  a  properly  timed  thermal/blast  loading  have  been 
shown  to  be  considerably  greater  that  the  individual  effects  of  only  blast  and  only  thermal 
loading.^ 

This  combined  thermal/blast  event  is  referred  to  as  non-ideal  blast.  It  also  includes  a 
lofting  and  scouring  of  debris,  soil,  and  loose  material  that  contributes  greatly  to  the  loading 
on  any  vehicle  or  structure.  A  desert  terrain  would  be  ideal  for  generating  a  non-ideal  blast 
wave,  as  would  grassland  or  cropland. 

1.2.  Previous  Work  With  Shock  Tube  Exit  Jets 

Researchers  have  found  that  the  high  dynamic  pressure  flows  in  shock  tube  exit  jets  can 
be  useful  for  simulating  blast  flows  such  as  those  found  in  non-ideal  nuclear  blast  events. 
One  such  use  of  a  modified  exit  jet  was  suggested  by  Newell.^®  This  involves  a  straight  shock 
tube  with  a  coaxial  driver,  two-diaphragm  system,  wherein  the  downstream  section  of  the 
driver  is  at  one  half  of  the  pressure  of  the  upstream  (i.e.,  farthest  from  the  exit)  section  of 
the  driver.  The  diaphragm  of  the  downstream  driver  section  is  burst  on  command,  and  then 
the  upstream  diaphragm  is  burst  naturally  by  the  one-sided  pressure  relief  caused  by  the 
arrival  of  the  expansion  wave  on  its  downstream  side.  This  sequential  opening  of  the  two 
diaphragms  sends  a  relatively  weak  shock  and  flow  downstream,  followed  by  a  second  flow 
overriding  it,  with  the  composite  flow  accelerated  upon  exiting  the  shock  tube.  With  proper 
timing,  this  concept  showed  promise  for  generating  an  exit  jet  with  a  two-stage  dynamic 
pressure  history  similar  to  that  seen  in  a  non-ideal  blast  flow. 

Kingery  and  Gion^^  performed  a  series  of  experiments  with  a  2.54-cm  (1.0-inch)  diameter 
shock  tube  to  document  the  dynamic  and  static  pressure  impulse  properties  of  the  exit 
jet  for  a  variety  of  driver  pressures.  Impulse  is  computed  by  integrating  the  appropriate 
pressure  history,  either  static  or  dynamic,  over  time.  The  exit  jets  were  shown  to  be  highly 
collimated  for  several  shock  tube  exit  diameters  downstream  from  the  exit  plane.  Typically, 
the  dynamic  pressure  impulse  along  the  centerline  was  much  larger  than  the  impulse  for 
static  overpressure  (therein  referred  to  as  “side-on  pressure”),  with  a  very  sharp  decrease  of 
dynamic  pressure  impulse  for  radial  distances  (i.e.,  distances  normal  to  the  axis  of  symmetry 
of  the  shock  tube),  greater  than  the  exit  radius  of  the  shock  tube.  One  example  given^^  was 
“At  a  distance  where  10.3-kPa  (1.5-psi)  side-on  pressure  was  measured,  a  49.6-kPa  (7.2-psi) 
stagnation  pressure  Wcis  measured.  At  the  same  distance,  a  side-on  impulse  was  12.6  kPa- 
ms  (1.83  psi-ms),  while  the  stagnation  impulse  was  134  kPa'-ms  (20.2  psi-ms)  -  a  dramatic 
difference.”  In  that  report,  the  dynamic  pressure  was  taken  to  be  a  simple  difference  of  the 
stagnation  pressure,  Pq,  and  the  absolute  static  pressure  p*,  or 

q  =  Po-ps,  (1) 

which  is  often  done  in  the  literature,  especially  that  reporting  actual  or  simulated  nuclear 
event  blast  measurements,  even  for  flows  which  can  have  significant  compressibility  effects. 
This  term,  q,  will  hereinafter  be  referred  to  as  the  “differential  pressure.”  The  impulse 
computed  by  integrating  q  over  time  will  hereinafter  be  referred  to  as  the  “differential  pressure 
impulse”  and  given  the  symbol  Ig.  The  more  rigorous,  classical  definition  of  dynamic  pressure 
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in  which  p  is  the  static  density  and  v  is  the  particle  velocity.  Dynamic  pressure  impulse  is 
obtained  by  integrating  Q  over  time,  and  is  represented  by  the  symbol  Iq.  The  historical  data 
for  jeep  displacement,  discussed  later  in  this  report,  used  the  differential  pressure  impulse, 
/„  as  a  basis  for  relating  displacement  to  dynamic  pressure  impulse,  with  some  corrections 
for  compressibility  effects.  Therefore,  to  have  a  direct  comparison  to  the  historical  work,  the 
current  study  also  uses  the  average,  measured  differential  pressure  impulse  as  one  of  the  two 
indicators  of  dynamic  pressure  impulse  along  with  cube  displacement  data.  This  is  discussed 
in  detail  later  in  this  report.  For  low  speed  flows  with  only  minor  compressibility  effects,  the 
differences  between  q  and  Q  are  small  and  are  often  within  the  error  bar  of  the  experimental 
measurements. 

Kingery  and  Gion^^  also  performed  a  follow-on  study  of  the  effects  of  interior  static 
overpressure  wave  shape  on  exit  jet  dynamic  pressure  impulse.  In  addition  to  using  a  long 
driver  to  produce  a  non-decaying  “flat-top”  shock  inside  the  driven  section  of  a  2.54-cm 
diameter  shock  tube,  they  also  used  a  relatively  short  driver  to  produce  a  decaying  blast 
wave  inside  the  shock  tube.  Both  showed  dynamic  pressure  increases  in  the  exit  jet,  with 
the  decaying  wave  having  less  of  an  increase,  as  might  be  expected.  In  a  later  study,  Gion 
and  Kingery^^  placed  a  model  barricade  in  front  of  the  exit  jet  from  a  2.54-cm  diameter  shock 
tube.  Their  primary  purpose  was  to  measure  the  disruption  of  the  exit  jet  from  a  simulated 
explosion  event  in  a  munitions  magazine.  Enhanced  dynamic  pressures  were  also  observed 
in  that  study  in  reference  tests  where  the  barricade  was  removed.  Previously,  Kingery  had 
recognized  that  these  enhanced  dynamic  pressure  flows  in  shock  tube  exits  jets  resembled 
those  observed  in  previous  above-ground  nuclear  testing.  He  proposed^'^  that  consideration 
be  given  to  extending  the  operational  capabilities  of  the  (then)  BRL  1.68-m  diameter  shock 
tube  to  develop  technology  to  simulate  non-ideal  nuclear  blast  flows  with  modified  shock 
tube  exit  jets.  A  1992  firing^^  of  the  unspread  exit  jet  from  the  ARL  1.68-m  shock  tube  on 
an  M-113  armored  personnel  carrier  (APC)  demonstrated  this  well.  The  APC  had  a  mass  of 
about  10,430  kg  (23,000  Ibm,  where  Ibm  denotes  pounds  mass,  avoirdupois).  It  was  placed 
on  the  ground  plane  with  its  left  face  oriented  normal  to  and  centered  in  its  presented  area 
on  the  axis  of  symmetry  of  the  shock  tube,  15.2  m  (50  ft)  from  the  exit  plane  of  the  shock 
tube.  At  that  time,  the  ground  plane  was  approximately  0.84  m  (2.75  ft)  below  the  bottom 
of  the  shock  tube  exit.  The  driver  gauge  pressure  was  572.3  kPa  (83.0  psi).  The  APC  was 
thrown  39.8  m  (130.5  ft)  from  its  original  position,  with  the  majority  of  the  travel  airborne. 

A  contract  sponsored  by  the  Blast  Dynamics  Branch,  Terminal  Ballistics  Division,  of 
BRL  was  awarded  in  1989  to  Applied  Research  Associates,  Inc.,  to  study  the  feasibility 
of  using  the  exit  jet  of  the  1.68-m  shock  tube  for  simulating  the  high  dynamic  pressure 
and  relatively  low  static  overpressure  flow  observed  in  non-ideal  nuclear  blast.  This  study, 
documented  by  Ethridge, involved  the  construction  of  a  scaled  model  of  the  1.68-m  shock 
tube,  the  mapping  of  its  unmodified  exit  jet,  the  design  of  candidate  exit  jet  spreaders,  and 
the  mapping  of  those  modified  exit  jets.  The  study  showed  that  it  was  technically  feasible 
to  produce  a  uniformly  spread  exit  jet  from  a  small  scale  shock  tube.  Subsequently,  a  scaled 
model  of  a  candidate  jet  spreader  designed  to  fit  on  the  ARL  10.16-cm  diameter  shock  tube 
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was  delivered  to  ARL  for  evaluation. 

The  ARL  10.16-cm  diameter  shock  tube  was  constructed  specifically  as  a  1:16.5  scale 
model  of  the  ARL  1.68-m  diameter  shock  tube  as  part  of  a  mission  program  to  develop 
non-ideal  blast  simulation  technology  using  shock  tube  exit  jets.  At  the  time  it  was  built, 
there  was  still  some  uncertainty  as  to  whether  or  not  the  unmodified  exit  jet  flows  would 
scale  with  one  another  in  an  orderly  fashion,  and,  more  specifically,  whether  a  small  scale 
jet  spreader  design  would  also  work  at  the  large  scale  of  the  1.68-m  shock  tube.  Studies 
were  performed  to  map  the  unmodified  exit  jets  of  the  1.68-m  and  10.16-cm  shock  tubes. 
The  jets  were  found  to  scale  directly  in  both  physical  dimensions,  dynamic  pressure  impulse, 
and  time.  The  candidate  jet  spreader  designed  and  constructed  by  Ethridge  based  on  an 
extension  of  his  earlier  work^®  was  tested  on  the  10.16-cm  shock  tube.  It  was  determined 
that  it  was  capable  of  producing  a  uniformly  spread  exit  jet.  However,  its  design  involved 
a  large  bundle  of  adjustable  tubes,  grouped  in  subassemblies  of  tubes,  that  appeared  to  be 
too  complex  and  costly  to  construct  at  the  scale  of  the  1.68-m  shock  tube,  given  the  time 
and  funding  constraints.  A  simpler  gas  dynamic  design  using  a  diverging  rectangular  box 
for  an  outer  shell  and  a  series  of  interior  deflectors  made  of  angle  irons  was  suggested, 
constructed  by  Mr.  R.  Thane  of  ARL,  tested,  and  modified  by  ARL  researchers  to  get  the 
best  performance.  This  design  was  ultimately  selected  as  the  most  effective  and  practical.  It 
was  tested  at  an  intermediate  scale  at  the  end  of  the  ARL  0.61-m  (24-inch)  diameter  shock 
tube  and  found  to  perform  well  and  exhibit  reasonably  good  scaling,  given  that  this  tube 
had  a  shorter  driver  in  scaled  relation  to  both  the  10.16-cm  and  1.68-m  shock  tubes.  As  a 
result,  its  jet  had  a  relatively  shorter  duration  and  correspondingly  less  impulse  because  of 
its  disproportionately  smaller  amount  of  driver  gas.  This  work  is  documented  in  the  report 
by  Loucks  et  al.,^®  including  the  actual  structural  design  of  the  spreader  by  Loucks. 

During  that  period,  a  numerical  study  of  the  exit  jet  from  the  ARL  1 .68-m  shock  tube  was 
performed  by  Guidos  et  al.^^  This  study  was  interesting  for  several  reasons.  First,  it  showed 
good  agreement  with  data  from  gauges  for  the  experiment  that  was  simulated,  thereby 
providing  confidence  in  both  the  experimental  measurements  and  the  numerical  simulation. 
Secondly,  it  showed  that  the  dynamic  pressure  waveform  is  similar  to  those  observed  in 
actual  non-ideal  blast  nuclear  events.  The  static  overpressure  history  wa.s  somewhat  similar 
to  that  for  non-ideal  blast  in  that  the  shock  front  was  greatly  weakened  by  radial  divergence. 
However,  it  is  important  to  look  at  the  dynamics  of  the  gas  flows  that  were  present  in 
the  experiment.  The  driver  of  the  1.68-m  shock  tube  contained  high  pressure  air,  filled 
slowly  enough  with  standard  air  compressors  so  that  the  driver  gas  remained  at  ambient 
temperature.  When  the  diaphragm  was  ruptured  with  a  set  of  linear  shaped  charges,  the 
incident  shock  developed  quickly  and  traveled  down  the  expansion  section  and  out  the  exit  of 
the  shock  tube.  This  expansion  section  air  was  heated  and  accelerated  by  the  shock.  Because 
the  shock  was  not  strong  (the  measured  static  overpressure  in  the  expansion  section  was 
approximately  160  kPa),  the  expansion  section  gas  flow  behind  the  shock  remained  locally 
subsonic  within  the  expansion  section.  Once  outside  the  shock  tube,  this  flow  accelerated 
but  probably  did  not  develop  any  significant  regions  of  supersonic  flow,  and  the  incident 
shock  quickly  dissipated  through  radial  divergence.  The  dynamics  of  the  driver  gas  are  very 
different.  Initially,  it  is  cooled  well  below  ambient  by  the  passage  of  the  rarefaction  wave  that 
is  initiated  by  the  bursting  of  the  diaphragm,  thereby  "decreasing  its  local  speed  of  sound 
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below  that  for  ambient  air.  There  is  both  static  pressure  and  particle  velocity  matching 
across  the  contact  surface  between  the  expansion  section  gas  and  the  driver  gas.  Thus,  the 
driver  gas  is  moving  at  a  higher  local  Mach  number  than  the  shocked  expansion  section  gas. 
The  velocity  of  the  driver  gas  is  further  increased  by  the  action  of  the  rarefaction  that  is 
generated  at  the  exit  of  the  shock  tube  with  the  passage  of  the  incident  shock.  The  driver  gas 
exited  the  shock  tube  as  an  under-expanded  jet  and  accelerated  further.  The  computation 
by  Guidos  et  al.^^  indicated  that  the  driver  gas  in  the  exit  jet  was  supersonic,  cold,  and 
relatively  dense.  The  dynamic  pressure  impulse  from  the  exit  jet  of  the  ARL  1.68-m  shock 
tube  is  dominated  by  driver  gas  flow.  Thus,  while  the  overall  dynamic  pressure  impulse  is 
quite  similar  to  that  for  a  non-ideal  nuclear  blast  flow,  there  are  some  differences  in  the  gas 
dynamics. 


1.3.  Relation  to  Other  Activities  and  Techniques 

The  efforts  at  ARL  to  investigate  the  development  of  exit  jets  for  non-ideal  nuclear  blast 
simulation  were  not  limited  to  just  the  improvement  of  ARL  blast  simulation  facilities.  As 
stated  previously,  part  of  the  mission  of  the  Blast  Dynamics  Branch  (later  the  Blast/Thermal 
Effects  Branch)  was  to  develop  nuclear  air  blast  simulation  technology  and  transfer  it  to 
agencies  such  as  the  U.S.  Army  Test  and  Evaluation  Command  (TECOM)  in  cooperation 
with  the  Defense  Special  Weapons  Agency  (DSWA),  previously  known  as  the  Defense  Nuclear 
Agency  (DNA).  Much  effort,  coordinated  by  Mr.  R.  Pearson  of  the  branch,  was  put  into 
developing  the  gas  dynamic  design  for  the  U.S.  Large  Blast/Thermal  Simulator  (LB/TS).^® 
The  design  and  logic  for  the  gas  dynamics  of  the  LB/TS  are  based  on  the  design  of  the 
large  blast  simulator,  or  Le  Simulateur  de  Souffle  a  Grand  Gabarit  (SSGG)^^  at  the  Centre 
d’Etudes  de  Gramat  (CEG),  France.  This  design  information  was  provided  to  the  U.S. 
by  France  under  a  cooperative  Data  Exchange  Annex^^  which  has  been  most  valuable  to 
both  countries  in  the  exchange  of  basic  phenomenology  and  simulation  technology  related  to 
nuclear  blast.  The  SSGG  was  the  first  large  scale,  multi-driver,  nuclear  blast  wave  simulation 
facility.  Both  the  LB/TS  and  the  SSGG  were  designed  to  simulate  ideal  nuclear  blast.  The 
studies  with  the  exit  jet  were  one  part  of  an  overall  effort  by  ARL,  DSWA  and  its  contractors, 
and  other  agencies  to  And  ways  to  operate  the  LB/TS  to  optionally  simulate  non-ideal  blast 
without  compromising  its  ability  to  simulate  ideal  blast.  An  analysis  of  the  exit  jet  for  the 
LB/TS  was  done  by  Schraml.^^  That  study  showed  that  at  least  an  idealized  LB/TS  exit  jet 
could  be  used  to  simulate  a  non-ideal  nuclear  blast  flow.  The  LB/TS  exit  jet  is  dominated 
by  accelerated  expansion  section  gas  that  had  been  processed  by  a  decaying  interior  blast 
wave,  unlike  the  exit  jet  from  the  ARL  1.68-m  shock  tube  which  is  dominated  by  driver  gas 
and  has  a  leading,  long-duration  flat-top  shock  inside  the  expansion  section. 

Other  techniques  that  have  been,  or  are  being,  evaluated  to  extend  the  operational 
capabilities  of  the  LB /TS  to  include  non-ideal  blast  simulation  are  the  use  of  time-sequenced 
opening  of  drivers,  and  the  use  of  helium  layers  inside  the  expansion  section.  For  ideal  blast 
simulation,  the  seven  drivers  in  the  CEG  SSGG,  and  the  nine  drivers  in  the  LB/TS,  are 
opened  as  close  to  simultaneously  as  possible  to  generate  the  sharpest  and  most  uniform 
shock  front.  Dr.  A.  Mark  proposed^"^  that  non-ideal  nuclear  blast  flows  might  be  simulated 


7 


in  either  facility  by  opening  subgroups  of  drivers  in  a  delayed  time  sequence.  This  would 
generate  a  relatively  weak  leading  blast  wave  with  one  or  more  following  blast  waves  traveling 
on  the  previously  accelerated  driver  and  expansion  section  gases.  With  proper  selection  of 
driver  groups,  driver  pressures,  and  timing,  a  multi-structured  blast  wave  with  a  reduced 
shock  front  and  an  enhanced  dynamic  pressure  history  could  be  produced.  This  idea  was 
presented^^  to  representatives  of  the  CEG  staff,  who,  under  the  Data  Exchange  Annex,^^ 
agreed  to  evaluate  that  technique  in  the  SSGG.  The  CEG  staff  was  able  to  produce  simulated 
non-ideal  blast  waves  with  this  technique  in  tests  on  a  light  armored  vehicle  and  a  self- 
propelled  gun. Guided  by  consultative  assistance,  results  from  small-scale  experiments, 
and  computations  by  ARL  personnel,  DSWA  was  able  to  perform  a  similar  non-ideal  blast 
simulation^^with  staggered  firing  of  drivers  in  the  U.S.  LB/TS.  The  target  was  an  M-113 
(APC),  placed  in  the  expansion  section  of  the  LB/TS.  The  staggered  driver  firing  on  the 
M-113  caused  it  to  be  translated  violently  down  the  length  of  the  LB/TS,  airborne  at  times, 
and  be  expelled  through  the  open  exit.  An  earlier  shot  simulating  an  ideal  blast  for  a  similar 
weapon  yield  and  ground  range  had  caused  only  minimal  motion  of  the  same  APC.  An 
evaluation^®  of  a  proposed  technique  involving  the  use  of  a  helium  layer  on  the  floor  of  the 
LB/TS  indicated  that  the  resulting  flow  would  most  likely  be  inadequate  for  testing  on  full 
scale  tactical  vehicles. 


1.4.  The  Current  Study 

In  the  previous  ARL  research, 1®  it  was  learned  that  a  relatively  inexpensive  and  simple 
method  of  spreading  the  highly  collimated  exit  jet  from  a  shock  tube  could  be  developed 
to  uniformly  distribute  the  dynamic  pressure  impulse  over  a  large  target  placed  at  some 
distance  from  the  shock  tube.  These  efforts  sought  to  extend  the  capabilities  of  conventional 
shock  tubes  to  include  non-ideal  blast  simulation  testing  as  well  as  add  a  new  capability  to 
facilities  such  as  the  U.S.  LB/TS.  This  could  ultimately  serve  as  an  aid  in  designing  more 
survivable  Army  equipment.  This  method  was  successfully  tested  in  experiments  with  small 
scale  shock  tubes  and  a  concept  exit  jet  spreader  with  integral  spreader  vanes.  However, 
full  scale  test  data  were  needed  to  further  substantiate  the  theory  that  was  successfully 
demonstrated  in  small  scale.  Mission  funding  support  for  the  building  of  a  full  scale  version 
of  the  spreader  attached  to  the  existing  1.68-m  diameter  shock  tube  at  ARL  was  provided 
which  allowed  for  the  continuation  of  this  non-ideal  blast  research. 

The  intent  of  this  report  is,  first,  to  document  the  design  and  construction  of  the  full 
scale  version  of  the  exit  jet  spreader,  including  the  top,  bottom,  and  side  walls  for  lateral 
and  vertical  control  of  the  direction  of  the  flow;  the  integral  spreader  vane  assembly  for 
producing  flow  uniformity  within  the  spread  jet;  and  the  independent  reaction  mass  for  the 
jet  spreader  to  resist  the  diffraction  and  drag  forces  generated  by  the  interaction  with  the 
exit  jet.  Second,  the  temporary  pressure  probe  rake  mounting  and  location  are  discussed, 
as  is  the  new  elevated  ground  plane  that  was  built  to  bring  the  ground  surface  up  to  the 
bottom  of  the  shock  tube.  Third,  this  report  presents  early  test  data  that  were  obtained 
to  evaluate  and  demonstrate  the  use  of  exit  jets  from  large  scale  shock  tubes  to  simulate 
non-ideal  nuclear  blast  environments  on  Army  materiel. 
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2.  EXIT  JET  SPREADER  DESIGN 


A  right  side  elevation  view  of  the  reinforced  concrete  reaction  mass  and  jet  spreader 
structural  steel  is  shown  in  Figure  1.  The  reinforced  concrete  reaction  mass  contains  approx¬ 
imately  19.9  m^  (26  yd^)  of  concrete  with  an  estimated  mass  of  47,760  kg  (105,300  Ibm).  The 
steel  reinforcing  rods  (1.27-cm  diameter),  beams,  and  plates  added  approximately  4,540  kg 
(10,000  Ibm),  for  a  total  mass  of  52,300  kg  (115,300  Ibm).  Figure  1  includes  indications 
of  both  the  ground  plane  location  at  the  rear  of  the  jet  spreader  (slightly  upstream  from 
the  shock  tube  exit  plane)  and  the  elevated  ground  plane  downstream  from  the  exit  of  the 
jet  spreader.  The  exit  of  the  shock  tube  protrudes  into  the  entrance  of  the  jet  spreader  by 
0.84  m,  or  one  shock  tube  radius.  The  upstream  end  of  the  jet  spreader  that  is  outside  the 
radius  of  the  shock  tube  is  open  to  allow  entrainment  of  outside  ambient  air  generated  by 
the  venturi  effect  of  the  exit  jet.  This  has  a  dual  function.  First,  it  reduces  the  development 
of  any  late  time  sub-atmospheric  pressure  inside  the  jet  spreader,  thereby  simplifying  the 
structural  design.  Second,  there  is  a  secondary  effect  wherein  the  entrained  air  is  mixed 
with  the  exit  jet,  adding  mass  and  impulse  delivery  at  the  target  that  will  be  positioned 
downstream  on  the  new,  elevated  ground  plane. 

The  original  ground  plane  had  been  about  one  shock  tube  radius  below  the  bottom  of 
the  shock  tube.  The  new  ground  plane  vertical  location  is  approximately  flush  with  the 
bottom  of  the  shock  tube.  This  was  accomplished  by  adding,  compacting,  and  grading  a 
large  amount  of  stable  fill  dirt  to  form  a  wide  plane  for  mounting  probe  rakes  and  placing 
full  scale  target  vehicles.  Earlier  studies^®  showed  that,  in  the  original  configuration,  the 
jet  remained  nearly  the  same  distance  above  ground  but  that  this  was  not  attributable  to 
a  gas-dynamic  ground  effect.  This  left  an  undesired  region  of  low  velocity  flow  between  the 
ground  surface  and  the  bottom  of  the  jet,  not  at  all  like  the  flow  at  the  ground  surface  in 
an  actual  non-ideal  blast  event.  Those  earlier  studies  also  showed  that  moving  the  ground 
plane  up  to  the  bottom  of  the  shock  tube  had  essentially  no  effect  on  the  jet  and  gave  the 
desired  flow  parallel  to  the  surface,  starting  from  the  ground  level.  This  eliminated  the 
need  for  designing  a  jet  spreader  that  included  a  redirection  of  flow  downward  toward  the 
ground,  which  would  then  have  required  designing  a  reaction  mass  to  resist  lift  as  well  as 
horizontal  loading.  Other  problems  with  trying  to  deflect  the  jet  toward  the  ground  would 
include  increased  scouring  of  the  ground  surface  and  excessive  lifting  of  dust  and  debris,  and 
having  the  jet  possibly  reflect  back  upward  after  striking  the  ground.  Bringing  the  ground 
plane  up  to  the  bottom  of  the  exit  of  the  shock  tube  allowed  the  flow  to  be  both  at,  and 
parallel  to,  the  surface  from  the  start.  Even  so,  later  tests  showed  significant  dust  pickup, 
at  least  qualitatively  similar  to  an  actual  non-ideal  blast  flow  but  potentially  troublesome  in 
obtaining  clear  video  records  and  in  pressure  gauge  survival  and  reliability. 

Also  shown  in  Figure  1  is  a  side  view  of  the  spreader  vane  assembly.  It  consists  of 
two  vertical,  90-degree  angle  irons,  15.24  cm  (6.0  inches)  on  a  side  and  1.27  cm  (0.5  inches) 
thick,  oriented  with  each  corner  edge  facing  upstream  and  the  bisector  of  the  90-degree  angle 
parallel  to  the  shock  tube  axis.  The  angle  irons  have  welded-on,  9.53-mm  thick,  steel  rib 
stiffeners  in  the  interior  90-degree  angle.  The  leading  edges  of  these  vertical  angle  irons 
are  1.5  m  downstream  from  the  exit  plane  of  the  shock  tube,  and  each  is  laterally  spaced 
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Figure  1.  Right  Elevation  View  of  1.68-m  Shock  Tube  Exit  Jet  Spreader. 


0.34  m  on  a  perpendicular  line  from  the  shock  tube  axis.  They  span  the  entire  height  of 
the  spreader.  There  is  also  a  single,  smaller,  horizontal  angle  iron  7.62  cm  (3.0  inches)  on  a 
side,  9.53-mm  thick,  with  a  6.35-mm  thick  rib  stiffener,  placed  halfway  up  the  vertical  angle 
irons  and  spanning  the  entire  width  of  the  spreader.  The  vertical  location  (at  the  height  of 
the  axis  of  the  shock  tube)  of  the  horizontal  spreader  vane  is  also  shown  in  Figure  1.  These 
angle  irons  are  hereinafter  referred  to  as  “spreader  vanes.”  The  vertical  spreader  vanes  are 
designed  to  mechanically  spread  the  exit  jet  laterally,  with  the  two  trailing  edges  of  each 
vane  continually  shedding  unstable  vortex  sheets  to  aid  in  the  mixing  of  the  already  highly 
turbulent  flow.  The  horizontal  vane  acts  in  the  same  way  to  perform  a  moderate  amount 
of  vertical  spreading.  As  will  be  seen  later,  there  was  room  for  improvement  in  at  least  the 
positioning  of  the  vanes,  and  possibly  in  the  total  number,  but  time  and  funding  limitations 
did  not  permit  further  modification  and  testing. 

Figure  2  shows  a  rear  elevation  view  of  the  reaction  mass  and  jet  spreader,  with  the  loca¬ 
tion  of  the  1.68-m  shock  tube  exit  overlaid  upon  it  and  the  elevated  ground  plane  indicated. 
The  reinforced  concrete  reaction  mass  was  designed  to  anchor  the  jet  spreader  at  the  end 
of  the  shock  tube,  doing  so  with  no  connection  to  either  the  shock  tube  or  the  shock  tube’s 
own  reaction  mass.  The  reinforced  concrete  (28-day,  31.0-MPa  compressive  strength)  for  the 
reaction  mass  was  poured  over  a  15-cm  thick  base  of  crushed  rock.  The  estimated  friction 
coefficient  for  this  combination  of  rock  and  soil  was  0.44,  indicating  a  horizontal  holding  force 
in  shear  on  the  bottom  surface  of  226.0  kN  (50,700  Ibf,  where  Ibf  denotes  pounds  force).  An 
additional  horizontal  load-bearing  capacity  is  derived  from  the  front  face  of  the  concrete 
reaction  mass  that  has  a  buried  width  and  height  of  4.47  m  and  1.22  m,  respectively,  on  its 
front  face  bearing  against  the  elevated  ground  plane.  The  exact  value  of  this  load-bearing 
capacity  is  difficult  to  estimate.  The  safe  bearing  capacity  for  soft  clay,^^  which  is  probably 
a  worst  case  descriptor  for  the  compacted  soil  in  the  elevated  ground  plane,  is  0.10  MPa 
(14.5  psi).  The  context  in  which  this  number  is  given  is  such  that  it  should  be  construed  as 
applying  only  to  a  vertical  load  over  a  broad  surface  for  laterally  confined  clay.  If  only  the 
bottom  fourth  of  the  front  face  of  the  concrete  reaction  mass  can  be  assumed  to  be  acting 
efficiently  against  the  soil,  then  this  would  imply  a  horizontal  reaction  force  of  the  order  of 
136.3  kN  (30,600  Ibf).  This  component  of  the  horizontal  reaction  force,  which  would  only 
occur  as  a  transient  force  during  the  flow  time  of  the  exit  jet,  can  only  be  regarded  as  an 
estimate  with  probably  a  significant  error  bar  associated  with  it. 

Figure  3  shows  a  plan  view  of  the  jet  spreader  top  plate,  bottom  plates,  and  reaction 
mass  with  the  angled  side  walls  removed  for  clarity.  The  exit  plane  of  the  shock  tube  is  at 
the  left  in  this  view.  Figure  4  shows  details  of  the  angled  side  plates,  each  of  which  consists 
of  one  long  plate  at  the  rear  (i.e.,  entrance)  of  the  jet  spreader  and  one  short  plate  positioned 
toward  the  exit  of  the  spreader.  The  relative  positions  and  angles  of  these  two  plates  are  seen 
in  Figure  5,  which  is  a  plan  view  of  the  bottom  plates,  reaction  mass,  and  angled  side  plates. 
All  four  of  the  side  plates  are  set  perpendicular  to  the  bottom  plates.  The  long  side  plates 
are  angled  outward  9  degrees  relative  to  the  shock  tube  axis  to  limit  the  maximum  initial 
divergence  angle  of  the  exit  jet,  and  the  short  side  plates  are  set  parallel  to  the  shock  tube 
axis  to  keep  the  exit  jet  from  having  an  unconfined  lateral  expansion.  The  locations  of  the 
mounting  holes  in  the  top  and  bottom  plates  for  the  vertical  spreader  vanes,  the  side  plates, 
and  other  components  are  also  shown.  Figure  6  shows  another  plan  view  that  incorporates 
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Figure  4.  Detail  Drawing  for  1.68-m  Shock  Tube  Exit  Jet  Spreader. 
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Figure  5.  Assembly  Details  of  1.68-m  Shock  Tube  Exit  Jet  Spreader,  Sheet  1. 
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Figure  6.  Assembly  Details  of  1.68-m  Shock  Tube  Exit  Jet  Spreader,  Sheet  2. 


the  top  plate  and  its  exterior  stiffeners.  The  protruding  end  of  the  shock  tube  is  also  shown 
at  the  left  in  the  figure. 

A  side  view  photograph  of  the  finished  exit  jet  spreader  and  elevated  ground  plane  is 
shown  in  Figure  7.  The  assembled  probe  rakes  and  their  temporary  rolled  homogeneous 
armor  (RHA)  mounting  plate  with  its  fixtures  for  attaching  the  rakes  can  be  seen  in  the  left 
of  the  figure.  The  original  plan  had  been  to  put  the  two  large  concrete  reaction  masses  with 
their  mounting  fixtures  for  the  probe  rakes  that  had  been  used  in  the  unspread  jet  mapping 
studies  back  in  place  in  the  ground  in  the  new,  elevated  ground  plane,  but  time  and  funding 
did  not  permit  that.  The  massive  RHA  plate  with  its  mounting  fixtures  was  used  instead. 
The  tips  of  the  probes  mounted  in  the  rakes  are  located  exactly  at  10  shock  tube  diameters 
(16.76  m  or  55.0  ft)  downstream  from  the  exit  plane  of  the  shock  tube  to  match  the  primary 
reference  location  used  in  previous  exit  jet  studies. Figure  8  shows  a  photograph  of  the 
interior  of  the  jet  spreader  as  seen  from  the  probe  rakes,  looking  upstream  toward  the  exit 
of  the  shock  tube.  The  two  vertical  spreader  vanes  and  single  horizontal  spreader  vane  are 
seen  clearly  in  this  view,  as  is  the  open  area  (i.e.,  entrainment  area)  around  the  shock  tube 
at  the  rear  of  the  jet  spreader.  This  also  gives  a  good  indication  of  the  bias  toward  lateral 
rather  than  vertical  spreading  on  the  jet  that  was  designed  into  the  jet  spreader. 

The  finite  element  computer  code  ALGOR^'^was  used  in  the  structural  design  of  the  steel 
spreader  and  the  steel  spreader  vane  assembly.  The  loading  for  the  jet  spreader  model  used 
in  ALGOR  was  conservatively  based  on  an  assumed  shock  static  overpressure  of  48.3  kPa 
to  103.4  kPa  distributed  normally  over  the  interior  surfaces  of  the  spreader  walls.  The 
stress  output  results  from  ALGOR  determined  the  choice  of  steel  plate  thickness  and  I-beam 
spacing  to  prevent  material  yielding  in  the  final  design. Bolt  spacings  of  30.5  cm  and 
61.0  cm  were  used  to  attach  the  2.54-cm  thick  steel  apron  and  bottom  plates  to  the  steel 
frame  rails  of  the  reaction  mass.  The  bolt  spacing  used  to  attach  the  four  vertical  side  plates 
and  top  plate  of  the  spreader  to  each  other  and  to  the  steel  bottom  plate  was  approximately 
30.5  cm.  This  spacing  was  derived  by  assuming  a  static  overpressure  of  103.4  kPa  delivered 
normally  to  the  exposed  areas  of  the  top  horizontal  plate  and  four  vertical  side  plates,  which 
resulted  in  force  loadings  distributed  to  the  bolts  in  tension  and  shear,  respectively.  This 
design  load  required  a  minimum  of  seven  Grade  5,  15.9-mm  diameter  bolts  to  be  used  to 
attach  the  vertical  plates  to  the  2.54-cm  thick  bottom  plate  and  to  resist  the  shear  loading 
from  the  static  overpressure.  For  safety  and  convenience,  11  bolts  were  used  on  the  top 
and  bottom  edges  of  each  of  the  two  vertical  plate  assemblies  with  an  approximate  .30.5-cm 
spacing  on  centers. 

The  spreader  vanes  were  positioned  within  the  jet  spreader  to  force  the  flow  to  be  dis¬ 
tributed  into  a  widened,  more  uniform  pattern.  Additionally,  the  generation  of  large  vortex 
sheets  from  the  trailing  edges  of  the  individual  vanes  aided  in  the  kinetic  energy  transfers 
needed  to  promote  a  uniform  spreading  action.  The  vane  geometry  and  configuration  used 
in  this  testing  was  adapted  from  a  successful  earlier  gas  dynamic^”  and  structural  design. 
The  vane  design  used  in  this  1.68-m  shock  tube  exit  jet  work  is  shown  in  detail  in  Figure  9. 
This  relatively  inexpensive  and  simple  vane  assembly  consisted  of  the  one  horizontal  and 
two  vertical  angle  irons  described  earlier.  These  are  scaled  up  from  the  earlier  design  which 
employed  5.08-cm  wide  by  6.0-mm  thick  angle  iron  for  an  intermediate  scale  exit  jet  spreader 
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Figure  7.  Side  View  of  Completed  1.68-m  Shock  Tube  Exit  Jet  Spreader  Construction. 


Rear  View  of  Completed  1.68-m  Shock  Tube  Exit  Jet  Spreader. 


on  the  ARL  0.61-m  diameter  shock  tube.  The  spreader  vane  structural  design  was  modeled 
in  ALGOR  with  shell  elements  and  loaded  with  a  conservative  reflected  pressure  loading 
of  827.4  kPa  (based  on  an  assumed  shock  static  overpressure  of  137.9  kPa  (20.0  psi),  with 
a  normally  reflected  overpressure  of  413.7  kPa  multiplied  by  a  safety  factor  of  2.0)  applied 
statically  and  normally  to  all  upstream  surfaces  of  the  angle  iron.  The  stress  output  results 
from  ALGOR  were  used  to  qualitatively  compare  and  optimize  the  structural  integrity  of 
the  off-the-shelf  angle  iron,  with  and  without  9.53-mm  and  6.35-mm  thick  steel  rib  stiffen¬ 
ers,  which  would  prevent  yielding  of  the  vane  assembly  under  the  applied  pressure  from  the 
exit  jet.  The  stress  and  displacement  results  from  ALGOR  are  shown  in  Figure  10  (stress, 
without  stiffeners).  Figure  11  (displacement,  without  stiffeners).  Figure  12  (stress,  with  stiff¬ 
eners),  and  Figure  13  (displacement,  with  stiffeners).  In  these  figures  only  half  of  the  vane 
assembly  is  modeled  because  of  symmetry.  These  results  show  that  by  simply  welding  stiff¬ 
eners  to  the  downstream  side  of  the  angle  iron,  stresses  could  be  reduced  by  approximately 
50  percent  and  still  allow  for  the  vane  components  to  be  manually  positioned  and  bolted 
inside  the  spreader.  In  the  actual  construction.  Grade  5,  15.9-mm  diameter  bolts  were  used 
to  fasten  the  vane  assembly  to  the  top,  bottom,  and  side  plates  of  the  spreader.  However, 
bolts  were  not  modeled  in  the  structural  analysis,  and  model  nodes  that  were  coincident 
with  the  angle  iron-to-spreader  plate  connection  areas  were  modeled  as  being  totally  fixed 
in  the  global  coordinate  system.  Linear  material  properties  were  used  for  simplicity. 


3.  INSTRUMENTATION  AND  TEST  DATA 

Two  2.59-m  high  steel  probe  rakes  were  used  to  position  pressure  transducer  instrumen¬ 
tation  (three  to  four  probes  per  rake),  mounted  as  described  earlier  to  an  RHA  base  plate 
within  the  spread  exit  jet  at  a  standoff  distance  of  10  shock  tube  diameters,  or  16.76  m, 
from  the  end  of  the  shock  tube  exit  jet  plane  (see  Figure  7).  A  side  view  photograph  of 
the  probe  rakes,  giving  a  good  view  of  the  vertical  spacing  of  the  mounts  for  the  pressure 
probes,  is  shown  in  Figure  14.  The  second  probe  from  the  bottom  is  at  the  height  of  the  axis 
of  symmetry  of  the  shock  tube.  Figure  15  shows  a  plan  view  of  the  base  plate.  One  probe 
rake  was  mounted  at  the  zero  radius  position,  directly  on  line  with  the  axis  of  symmetry 
of  the  shock  tube.  The  second  probe  rake  was  mounted  at  the  3r  position,  which  was  at  a 
radial  distance  equal  to  three  shock  tube  radii.  Each  probe  had  a  stagnation  and  a  static 
(i.e.,  side-on)  pressure  transducer.  The  probe  rake  steel  base  was  designed  in  such  a  way  as 
to  allow  relatively  easy  repositioning  of  the  probe  rakes  at  0,  1,  2,  and  3  shock  tube  radii, 
without  requiring  repositioning  of  the  3.94-Mg  base  plate  itself.  In  this  study,  only  the  0 
and  3  shock  tube  radii  positions  were  used.  The  base  plate  also  had  to  resist  the  overturning 
moment  created  by  the  drag  loading  of  the  probe  rakes  within  the  spread  jet.  The  details  of 
the  mounts  on  the  probe  rake  base  plate  are  shown  in  Figure  15. 

Differential  pressure  and  differential  pressure  impulse  data,  computed  in  the  same  man¬ 
ner  as  Kingery  and  Gion^^  and  Bryant  and  Allen, ^  were  acquired  from  this  instrumentation 
for  each  test.  As  a  sample,  a  four  plot  set  of  digitized  data  for  the  third  probe  up  from  the 
ground  (second  probe  from  the  top)  on  the  probe  rake  on  the  shock  tube  centerline  is  shown 
in  Figure  16.  The  upper  left  plot  is  the  stagnation  overpressure;  the  upper  right  plot  is  the 
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Figure  12.  ALGOR  Stress  Results  of  Half  Symmetry  Spreader  Vane  Assembly  With  Stiffeners, 


Figure  13.  ALGOR  Displacement  Results  of  Half  Symmetry  Spreader  Vane  Assembly  With  Stiffeners. 


Figure  14.  Side  View  of  Pressure  Probe  Rakes  and  Base  Plate. 
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STEEL  PLATE 


le  Rake  Base  Plate. 


static  overpressure;  the  lower  left  plot  is  the  pressure  difference  (stagnation  minus  static); 
and  the  lower  right  plot  is  the  integral  over  time  of  the  impulse  from  the  pressure  differ¬ 
ential,  here  representing  the  differential  pressure  impulse  in  the  same  manner  as  described 
previously. 

In  addition  to  the  pressure  probe  instrumentation,  metal  cubes,  5.08  cm  on  a  side,  were 
positioned^^  on  raised  metal  spikes  along  the  ground  at  various  diameters  from  the  exit  jet. 
The  cubes,  some  of  aluminum  and  some  of  steel,  were  oriented  with  their  centers  of  gravity 
approximately  12.7  cm  above  ground  level.  These  cubes  were  used  as  a  second  method  of 
indirectly  determining  dynamic  pressure  impulse  from  maximum  total  displacement  (i.e., 
the  vector  sum  of  the  axial  plus  radial  displacement)  and  qualitatively  determining  the  effec¬ 
tiveness  of  the  spreader  and  vane  configuration.  Past  testing  with  these  same  cubes  in  high 
explosive  environments  (e.g.,  an  ammonium  nitrate/fuel  oil  high  explosive  test  DISTANT 
IMAGE^^)  allowed  for  relationships  to  be  derived  which  relate  their  displacement  to  the 
dynamic  pressure  impulse  delivered  by  a  blast  wave.  The  relations^^  are,  for  the  steel  cubes, 

=  2.0^)°■^  (3) 

and  for  the  aluminum  cubes, 

{I,)al  =  0.73D°-^",  (4) 

in  which  the  dynamic  pressure  impulse  is  given  in  kPa-s  and  the  displacement,  Z),  is  in 
meters. 


4.  TEST  PLAN 

Shock  tube  driver  pressures  were  selected  which  would  result  in  specific  impulse  loads  of 
approximately  1.0  kPa-s  to  4.0  kPa-s  delivered  to  a  target  vehicle  placed  at  the  10-diameter 
standoff  position.  This  impulse  range  was  chosen  to  further  investigate  the  relationship 
of  total  horizontal  displacement  of  Army  jeep  vehicles  and  delivered  horizontal  dynamic 
pressure  impulse.  Past  studies^^  on  WWII  M151A2  type  jeeps  during  earlier  nuclear  and 
high  explosive  tests  compared  their  displacements  with  delivered  differential  pressure  impulse 
and  were  used  as  a  guideline.  These  data  indicated  that  for  this  specific  impulse  range,  the 
jeep  displacements  would  range  from  1.0  m  to  10.0  m.  In  addition,  past  research  data,^®  which 
correlated  driver  pressures  of  the  unspread  jets  from  the  1.68-m  and  10.16-cm  shock  tubes 
with  delivered  differential  pressure  impulse  at  the  10-diameter  standoff  position,  w'ere  used  in 
selecting  the  corresponding  1.68-m  shock  tube  driver  pressures  for  the  spread  jet.  With  the 
intention  of  testing  these  same  type  jeeps  with  the  spread  jet  from  the  1.68-m  shock  tube,  the 
1.0-kPa-s  to  4.0-kPa-s  impulse  range  was  finally  chosen  in  light  of  the  physical  constraints 
of  the  test  range  which  only  allowed  for  approximately  12.0  m  of  level  ground  beyond  the 
10-diameter  location  of  the  probe  rakes.  The  research  plan  allowed  for  a  total  of  five  tests. 
All  five  tests  were  instrumented  with  the  probe  rakes  at  the  10-diameter  axial  position  (one 
at  the  shock  tube  centerline,  or  zero  radius,  and  one  at  three  radii)  and  the  metal  cubes  were 
positioned  in  rows  at  the  10-,  13-,  and  sometimes  the  15-diameter  range.  The  total  number 
of  metal  cubes  used  in  each  test  varied.  A  typical  cube-positioning  configuration  is  shown  in 
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Figure  17.  Metal  Cube  Displacement  at  10-Diameter  Axial  Range  for  Test  3 


Table  1.  Test  Conditions. 


Test 

Number 

Date 

(1996) 

Driver 

Gauge 

Pressure 

(kPa) 

Test 

Conditions 

and 

Configuration 

1 

3  Sep 

289.6 

Temp:  80 ’s  (degrees  F) 
Humid 

Dry  Ground  Plane 
Pressure  Probes;  Cubes 

2 

4  Sep 

172.4 

Temp:  80’s  (degrees  F) 
Humid 

Dry  Ground  Plane 
Pressure  Probes;  Cubes 

3 

9  Sep 

137.9 

Temp:  80’s  (degrees  F) 
Humid 

Dry  Ground  Plane 
Pressure  Probes;  Cubes 

4 

10  Sep 

158.6 

Temp:  80’s  (degrees  F) 
Humid 

Dry  Ground  Plane 

Jeep  Target 

Pressure  Probes;  Cubes 

5 

12  Sep 

144.8 

Temp:  80’s  (degrees  F) 
Humid 

Muddy  Ground  Plane 
Jeep  Target 

Pressure  Probes;  Cubes 

the  photograph  of  the  mounting  pins  and  scattered  cubes  in  Figure  17.  The  mounting  pins 
are  still  in  their  original,  pretest  positions,  and  the  cubes  are  in  their  untouched  post-test 
positions.  The  first  three  tests  provided  jet  mapping  data  and  verification  of  the  anticipated 
differential  pressure  impulse  values.  Metal  cubes  were  fielded  in  these  tests,  but  no  jeeps 
were  included.  The  fourth  test  was  conducted  with  the  jeep  positioned  so  that  its  center 
of  gravity  was  coincident  with  the  shock  tube’s  centerline  (probe  rake  Or).  The  upstream 
faces  of  the  tires  were  1.57  m  (62  inches,  approximately  one  diameter)  downstream  from  the 
10-diameter  location  of  the  tips  of  the  probe  rakes  (see  Figure  18).  Metal  cubes  were  used 
in  this  test  but  had  not  yet  been  positioned  at  the  time  of  the  photograph.  Not  all  metal 
cube  positions  were  used  because  of  the  presence  of  the  jeep.  The  fifth  and  final  test  was 
conducted  with  the  jeep  positioned  so  that  the  shock  tube’s  centerline  was  aligned  with  the 
jeep’s  estimated  center  of  area  (see  Figure  19).  In  this  test,  the  upstream  faces  of  the  tires 
were  1.47  m  (58  inches)  downstream  from  the  tips  of  the  probe  rakes.  As  with  Test  4,  a 
reduced  number  of  metal  cubes  were  also  included  in  Test  5.  Table  1  shows  details  of  the 
testing  with  required  shock  tube  driver  pressures  and  conditions. 
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Figure  18.  Jeep  Initial  Position  in  Test  4 
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Figure  19.  Jeep  Initial  Position  in  Test  5. 


Test  Results 


5. 

Averaged  differential  pressure  impulse  versus  driver  pressure  results  are  shown  in  the 
plot  in  Figure  20.  Before  the  discussion  of  the  results,  some  definition  of  terminology  is  in 
order.  The  left  probe  rake  is  defined  as  the  one  positioned  at  the  3r,  or  three  shock  tube 
radii  from  the  center  line,  location  as  viewed  by  an  observer  facing  toward  the  probe  rake 
assembly  and  away  from  the  shock  tube  exit.  The  probe  positions  are  numbered  from  the  top 
to  the  bottom,  with  a  leading  letter  to  indicate  which  probe  rake  is  being  discussed.  Thus, 
the  highest  probe  on  the  left,  or  3r,  rake,  is  LOl,  the  next  down  the  left  rake  is  T02,  and  so 
on.  Similarly,  the  centerline  probe  rake,  being  toward  the  right  from  that  same  perspective, 
has  probe  numbers  i?01  (at  the  top)  through  /?04  (at  the  bottom).  In  this  plot,  the  impulse 
data  for  each  of  the  pressure  probes  on  the  left  (TOl  through  i03),  or  3r  probe  rake,  and  the 
right  (ifOl  through  i204),  or  Or  probe  rake,  were  averaged.  In  addition,  impulse  data  were 
averaged  for  the  three  to  five  cubes  that  were  placed  at  the  10-diameter  location,  at  the  Lor 
to  2.7r  range,  for  each  test.  Linear  curve  fits  or  regressions  were  performed  to  indicate  the 
trends  of  differential  pressure  impulse  versus  driver  gauge  pressure  for  the  probe  rakes  and 
cubes.  From  this  plot,  it  can  be  said  that  the  centerline  probe  data  agree  fairly  well  with  the 
cube  data.  However,  because  of  the  results  from  the  3r  probe  rake  also  shown  in  Figure  20,  it 
looks  as  though  the  spreading  action  of  the  jet  is  not  totally  uniform  but  is  approximately  at 
50  percent  strength  at  this  off-center  location.  (The  unspread,  highly  collimated  shock  tube 
exit  jets  experience  an  even  greater  reduction  at  this  location.)  Thus,  it  appears  that  the 
spreader  vane  locations,  and  possibly  number  of  vanes,  were  effective  but  not  yet  optimized 
for  the  1.68-m  shock  tube.  Time  and  funding  limitations  precluded  further  work  to  do  this 
optimization. 

Differential  pressure  impulse  versus  radial  distance  within  the  exit  jet  are  shown  in  the 
plots  in  the  next  several  figures.  Figure  21  shows  the  results  from  Test  1,  which  had  a 
driver  gauge  pressure  of  289.6  kPa  (42.0  psi).  There  is  a  fairly  symmetric,  sharp  drop-off 
in  differential  pressure  impulse  between  two  and  four  radii,  with  good  agreement  among  the 
various  measuring  methods.  The  cubes  at  the  10-diameter  position  are  the  closest  to  the 
pressure  probe  axial  position  and  show  good  agreement.  The  differential  pressure  impulse 
inferred  from  the  cubes  is  based  on  the  total  vector  displacement  of  the  cubes  from  then- 
original  positions,  as  described  before.  This  was  a  relatively  strong  jet,  with  some  cubes 
displaced  into  an  earthen  berm  at  the  end  of  the  raised  ground  plane,  thereby  invalidating 
their  displacement  data.  Those  cubes  were  not  included  in  this  plot.  This  test  delivered  a 
differential  pressure  impulse  of  approximately  4.25  kPa-s  (averaged  Or  probe  rake  data  plus 
cubes  near  the  shock  tube  centerline),  somewhat  beyond  the  high  end  of  the  desired  range 
of  impulse  delivery  for  the  planned  jeep  displacement  tests.  Figure  22  shows  the  results  for 
Test  2,  which  had  a  reduced  driver  gauge  pressure  of  172.4  kPa  (25.0  psi).  This  showed  more 
scatter  in  the  data,  with  the  averaged  Or  probe  rake  data  being  the  highest  at  approximately 
3.6  kPa-s.  This  may  be  because  the  cubes  were  influenced  by  a  boundary  layer  effect  (not 
seen  by  the  higher  probes  in  the  rakes),  by  a  too-low  set  of  static  pressure  gauge  readings, 
by  a  shadowing  of  the  cubes  by  the  protruding  7.62-cm  thick  base  plate,  or  by  some  other 
effect.  Figure  23  shows  the  results  for  Test  3,  which  had  the  driver  gauge  pressure  further 
reduced  to  137.9  kPa  (20.0  psi).  This  jet  did  not  show  as  good  symmetry  as  the  two  stronger 
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Differential  Pressure  Impulse  (kPa-s) 


1.68-m  Jet  Spreader  Performance 
at  10  diameters  from  Exit  of  Shock  Tube 
(Tests  1  through  5) 


Driver  Gauge  Pressure  (kPa) 


•  Averg'd.  3r  Probe  Rake,  probes  L01  -  LOS 
■  Averg’d.  Centerline  Probe  Rake,  probes  R01  -  R04 
A  Averg'd.  Cube  Data  from  1 .5r  -  2.7r 
—  linear  regressions 


Figure  20.  Differential  Pressure  Impulse  Versus  Driver  Gauge  Pressure. 
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Differential  Pressure  Impulse  (kPa-s) 


Exit  Jet  Impulse  Calculated  from 
Cube  Displacement  Data  for  Test  1 
(driver  gauge  pressure  =  289.6  kPa) 


Radial  Distance  from  Centerline  (m) 

•  Cube  Data  at  10  dia.  from  shock  tube  exit 
■  Cube  Data  at  13  dia.  from  shock  tube  exit 
A  Averg'd.  Probe  Data  at  Or  and  3r 


Figure  21.  Differential  Pressure  Impulse  Versus  Radial  Distance  for  Test  1 


Differential  Pressure  Impulse  (kPa-s) 


Exit  Jet  Impulse  Calculated  from 
Cube  Displacement  Data  for  Test  2 
(driver  gauge  pressure  =  172.4  kPa) 


Radial  Distance  from  Centerline  (m) 


•  Cube  Data  at  10  dia.  from  shock  tube  exit 

■  Cube  Data  at  13  dia.  from  shock  tube  exit 

A  Cube  Data  at  15  dia.  from  shock  tube  exit 

▼  Averg'd.  Probe  Data  at  Or  and  3r  , 


Figure  22.  Differential  Pressure  Impulse  Versus  Radial  Distance  for  Test  2. 
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Differential  Pressure  Impulse  (kPa-s) 


Exit  Jet  Impulse  Calculated  from 
Cube  Displacement  Data  for  Test  3 
(driver  gauge  pressure  =  137.9  kPa) 


Radial  Distance  from  Centerline  (m) _ 

•  Cube  Data  at  1 0  dia.  from  shock  tube  exit 

■  Cube  Data  at  1 3  dia.  from  shock  tube  exit 

A  Cube  Data  at  15  dia.  from  shock  tube  exit 

▼  Averg'd.  Probe  Data  at  Or  and  3r 


Figure  23.  Differential  Pressure  Impulse  Versus  Radial  Distance  for  Test  3. 


jets  in  Tests  1  and  2.  The  average  differential  pressure  impulse  in  the  central  region  at  10  to 
13  diameters  was  approximately  2.0  kPa-s.  The  cubes  at  15  diameters  showed  a  significant 
reduction  in  differential  pressure  impulse.  Figure  24  shows  the  results  for  Test  4,  the  first 
of  the  two  tests  with  a  jeep  included.  At  this  point  in  the  testing,  there  was  reasonable 
confidence  that  the  dynamic  pressure  impulse  desired  for  a  jeep  test  had  been  bracketed  by 
the  previous  tests  as  indicated  by  the  differential  pressure  impulse.  The  driver  gauge  pressure 
was  158.6  kPa  (23.0  psi),  delivering  approximately  2.0  kPa-s  at  probe  rake  Or  directly  in  front 
of  the  center  of  mass  of  the  jeep  (see  Figure  18).  Some  of  the  10-diameter  cubes  nearest  the 
+2r  position  indicated  a  differential  pressure  impulse  around  3.3  kPa-s,  possibly  because  of 
their  being  in  a  part  of  the  jet  that  had  been  further  accelerated  by  flowing  around  the  jeep. 
No  cubes  were  placed  along  the  direct  flow  path  that  included  the  jeep.  Finally,  Figure  25 
shows  the  results  for  Test  5,  which  had  a  slightly  reduced  driver  gauge  pressure  of  144.8  kPa 
(21.0  psi)  as  compared  with  Test  4.  In  Test  5,  the  jeep  was  placed  so  that  the  center  of  area, 
rather  than  the  center  of  mass,  was  aligned  with  the  shock  tube  axis  and  directly  behind  the 
Or  probe  rake  (see  Figure  19).  The  average  for  probe  rake  Or  indicated  a  differential  pressure 
impulse  of  2.0  kPa-s,  the  same  as  that  for  Test  4,  but  the  cubes  at  10  diameters  indicated  a 
higher  value  of  about  2.7  kPa-s,  but  not  quite  as  high  as  they  did  for  Test  4.  Both  Tests  4 
and  5  showed  good  symmetry  at  the  ±  3r  and  greater  radial  distance  ranges  for  which  there 
were  cubes  on  both  sides  for  comparison.  In  summarizing  all  five  of  these  figures,  exit  jet 
uniformity  seems  best  between  the  ±  2r  locations,  within  10  to  15  diameters  from  the  end 
of  the  shock  tube. 

The  locations,  measured  in  the  same  manner  as  for  the  cubes,  of  the  jeeps  in  Tests  4 
and  5  were  recorded  at  the  rear  (RTC)  and  front  (FTC)  tires’  centers  on  the  side  of  the  jeep 
originally  facing  the  exit  jet,  before  and  after  each  test.  This  allowed  the  computation  of 
the  individual  vector  displacements  referenced  at  the  front  and  rear  wheels.  Figure  26  is  a 
photograph  showing  the  jeep’s  orientation  after  Test  4.  The  tire  center  displacements  were 
11.66  m  (RTC)  and  9.66  m  (FTC),  for  a  mean  displacement  of  10.66  m  (34.0  ft).  Figure  27 
is  a  photograph  of  the  jeep’s  orientation  after  Test  5.  Here,  the  tire  center  displacements 
were  8.20  m  (RTC)  and  7.54  m  (FTC),  for  a  mean  displacement  of  7.87  m  (25.8  ft).  These 
displacements  and  video  recorded  during  the  tests  clearly  indicate  that  Test  4  (driver  gauge 
pressure  158.6  kPa)  had  a  higher  dynamic  pressure  impulse  than  Test  5  (driver  gauge  pressure 
144.8  kPa).  In  Test  4,  the  jeep  was  rolled  while  lifted  completely  off  the  ground,  rotating 
somewhat  about  its  center  of  gravity  in  midair,  befcnre  coming  to  rest  right  side  up  (total  of 
one  360-degree  roll).  In  Test  5,  the  jeep  simply  rolled  over  one  time  in  a  less  violent  roll, 
never  completely  leaving  the  ground,  before  coming  to  rest  right  side  up.  These  displacements 
may  be  compared  with  past  jeep  displacement  data  for  near-ideal  blast  shown  in  Figure  28 
that  were  recorded  during  actual  nuclear  testing  and  high  explosive  simulation  of  nuclear 
testing  and  analyzed  by  Bryant  and  Allen. As  stated  previously,  the  differential  pressure 
impulse  recorded  in  Test  4  ranged  from  2.0  kPa-s  (pressure  data  from  probe  rakes  Or  and 
3r)  to  about  3.3  kPa-s  (indicated  from  the  cube  displacement  analysis),  with  a  measured 
mean  jeep  displacement  of  10.66  m.  This  is  consistent  with  a  displacement  range  of  3.5  m, 
±  1.5  m  for  2.0  kPa-s,  to  9.0  m  ±  3  m  for  3.3  kPa-s  taken  from  the  fitted  curve  in  Figure  28 
and  estimating  the  error  range  from  the  scattered  data  q)oints.  Similarly,  the  differential 
pressure  impulse  in  Test  5  ranged  from  2.0  kPa-s  (probe  rakes  Or  and  3r)  to  about  2.7  kPa- 
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Figure  24.  Differential  Pressure  Impulse  Versus  Radial  Distance  for  Test  4. 


Differential  Pressure  Impulse  (kPa-s) 


Exit  Jet  Impulse  Calculated  from 
Cube  Displacement  Data  for  Test  5 
(driver  gauge  pressure  =  144.8  kPa) 


Radial  Distance  from  Centerline  (m) 

•  Cube  Data  at  10  dia.  from  shock  tube  exit 
H  Cube  Data  at  1 3  dia.  from  shock  tube  exit 
A  Averg'd.  Probe  Data  at  Or  and  3r 


Figure  25.  Differential  Pressure  Impulse  Versus  Radial  Distance  for  Test  5. 
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Figure  26.  Jeep  Final  Orientation  in  Test  4 
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Figure  27,  Jeep  Final  Orientation  in  Test  5. 


Figure  28.  Dynamic  Pressure  Impulse  Versus  Displacement  -  WWll  and  M38A1.  Side-on  (unclassified  figure  from 
Bryant  and  Allen.  1981), 


s  (cube  displacement),  with  a  mean  jeep  displacement  of  7.87  m.  Using  Figure  28  in  the 
same  fashion  as  before,  this  is  consistent  with  a  displacement  range  of  3.5  m,  ±  1.5  m  for 
2.0  kPa-s,  to  5.8  m  ±  2.5  m  for  2.7  kPa-s.  Tests  4  and  5  produced  jeep  displacements  toward 
the  high  end  of  the  range,  especially  if  it  is  assumed  that  the  averaged  differential  pressure 
impulse  from  probe  rakes  Or  and  3r  is  a  more  reliable  indicator  than  that  inferred  from  the 
cube  displacements.  The  condition  of  the  surface  is  a  major  factor  in  producing  a  range  of 
displacements  for  a  given  delivery  of  dynamic  pressure  impulse.  The  raised  ground  plane  on 
which  the  tests  were  conducted  had  just  been  constructed.  It  was  made  from  compacted, 
rolled  soil  with  a  large  clay  content  and,  for  erosion  control,  had  been  seeded  with  grass 
which  had  begun  a  few  inches  of  growth.  This  produced  a  level,  firm  surface  that  may  have 
allowed  more  jeep  motion  than  the  typical  (probably  softer  and  rougher)  surfaces  of  the  field 
tests, and  thus  tended  toward  the  high  end  of  the  range  of  displacements.  The  original 
intention  of  having  a  raised  ground  plane  of  soil  was  that,  with  a  minor  amount  of  earth 
work,  any  desired  surface  could  be  generated  for  a  given  experiment.  It  had  already  been 
shown  in  a  computational  study  by  Guidos  et  al.^^  that  the  exit  jet  from  the  1.68-m  shock 
tube  could  be  made  to  simulate  a  non-ideal  blast  flow.  Similarly,  Schraml^^  showed  in  a 
computational  study  that  the  exit  jet  from  the  U.S.  LB/TS  could  also  be  used  to  simulate 
a  non-ideal  blast  flow.  This  series  of  demonstration  tests  with  the  ART  1.68  m  shock  tube 
provides  a  strong  experimental  indication  of  the  viability  and  validity  of  the  use  of  shock 
tube  exit  jets  as  one  way  of  simulating  the  dynamic  pressure  impulse  delivery  of  non-ideal 
blast  flows  on  full  scale  Army  tactical  vehicles  and  structures. 


6.  CONCLUSIONS  AND  RECOMMENDATIONS 

These  tests  helped  to  substantiate  the  capabilities  of  the  exit  jet  concept  in  simulating 
non-ideal  nuclear  blast  events  on  full  scale  Army  materiel.  The  full  scale  spreader  successfully 
delivered  a  more  uniform  dynamic  pressure  impulse  than  could  be  delivered  from  the  1 .68- 
m  shock  tube  without  an  exit  jet  spreader  but  with  more  improvement  in  uniformity  still 
needed.  Jeep  displacement  data  agreed  well  with  nuclear  and  high  explosive  test  data.  The 
tests  with  the  jeeps  used  driver  gauge  pressures  in  the  range  of  152  kPa  (22  psi),  well  below 
the  maximum  recent  operating  pressure  of  about  552  kPa  (80  psi)  and  the  original  design 
operating  pressure  of  827  kPa  (120  psi),  so  there  is  considerably  more  potential  in  the  ART 
1.68-m  shock  tube,  or  any  similar  shock  tube,  to  generate  dynamic  pressure  impulse  at  levels 
that  pose  a  credible  threat  to  full  scale  armored  vehicles. 

Currently,  the  ART  shock  tubes  at  Aberdeen  Proving  Ground  are  in  place  but  not  being 
actively  operated.  The  1.68-m  shock  tube  could  be  put  back  into  operation  without  much 
difficulty.  Any  future  testing  should  at  least  provide  for  flush  mounting  of  the  probe  rake 
stand  with  the  ground  plane,  if  not  resetting  of  the  original  concrete  reaction  mass  mounts 
for  the  probe  rakes.  This  would  minimize  local  jet  flow  disturbances  in  the  vicinity  of  the 
instrumentation,  which  would  improve  simulation  capability.  Also,  it  was  observed  that  in 
the  tests  with  jeeps,  the  vehicles  tended  to  rotate  about  their  center  of  gravity  only  after  they 
were  lifted  totally  off  the  ground  from  the  dynamic  pressure.  When  the  delivered  dynamic 
pressure  impulse  was  at  a  level  such  that  the  jeep  only  rolled,  the  evidence  of  rotation  about 
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an  axis  normal  to  the  ground  was  minimal.  This  was  believed  reasonable  since  the  ground 
would  tend  to  resist  the  torque  generated  on  the  jeep  by  the  blast  pressure.  Therefore, 
assuming  that  an  ideally  uniform  dynamic  pressure  impulse  exists  across  the  spread  jet 
front,  orienting  a  vehicle  with  respect  to  its  center  of  gravity  being  aligned  with  or  offset 
from  the  jet’s  centerline  should  result  in  minimal  changes  in  displacement. 

If  the  ARL  non-ideal  blast  project  is  restarted,  future  work  should  be  conducted  in 
subscale  or  full  scale,  or  both,  to  optimize  the  flow  through  the  exit  jet  spreader  and  vane 
assembly  to  optimize  the  resulting  dynamic  pressure  distribution  of  the  spread  jet  on  the 
target  vehicle  or  equipment.  This  would  entail  reconfiguring  the  vanes  themselves  within 
the  spreader  and  testing  each  configuration.  The  spreader  was  designed  to  allow  this  with 
only  minor  effort  and  no  compromise  to  its  structural  integrity.  More  exhaustive  tests  would 
include  the  recording  of  data  at  the  Ir  and  2r  radial  positions  within  the  spread  jet  at 
the  10-diameter  and  5-diameter  ranges.  This  additional  testing  would  provide  for  a  more 
thorough  pressure  and  impulse  mapping  study  and  aid  in  the  understanding  of  the  exit  jets’ 
profiles,  flow  characteristics,  and  repeatability  in  full  scale.  Additional  full  scale  tests  could 
also  be  performed  on  other  Army  vehicles,  including  the  high  mobility  multi-purpose  wheeled 
vehicle  (HMMWV),  the  Bradley  fighting  vehicle  (BFV),  and  possibly  the  Abrams  Ml  main 
battle  tank,  once  the  exit  jet  has  been  better  characterized  and  optimized.  These  additional 
vehicle  tests  would  provide  more  impulse  versus  horizontal  displacement  data  and  ultimately 
could  be  used  to  improve  Army  vehicle  survivability  through  optimized  tactics  and  doctrine 
for  use  on  the  future  battlefield. 

Finally,  this  technology  shows  promise  to  be  adapted  for  use  with  the  LB/TS  at  White 
Sands  Missile  Range.  This  could  be  one  of  a  complementing  set  of  ways  to  use  the  LB/TS 
to  extend  its  operating  capabilities  to  include  non-ideal  blast  simulation  as  well  as  for  the 
ideal  blast  simulation  it  was  originally  designed  to  perform. 
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